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Abstract. In the last few years, several ground-based and air-
borne ﬁeld campaigns have allowed the exploration of the
properties and impacts of mineral dust in western Africa,
one of the major emission and transport areas worldwide.
In this paper, we explore the synthesis of these observations
to provide a large-scale quantitative view of the mineralogi-
cal composition and its variability according to source region
and time after transport.
This work reveals that mineral dust in western Africa is a
mixture of clays, quartz, iron and titanium oxides, represent-
ing at least 92% of the dust mass. Calcite ranged between
0.3 and 8.4% of the dust mass, depending on the origin. Our
data do not show a systematic dependence of the dust min-
eralogical composition on origin; this is to be the case as, in
most of the instances, the data represent the composition of
the atmospheric burden after 1–2 days after emission, when
air masses mix and give rise to a more uniform dust load.
This has implications for the representation of the mineral
dust composition in regional and global circulation models
and in satellite retrievals.
Iron oxides account for 58±7% of the mass of elemental
Fe and for between 2 and 5% of the dust mass. Most of them
are composed of goethite, representing between 52 and 78%
of the iron oxide mass. We estimate that titanium oxides ac-
count for 1–2% of the dust mass, depending on whether the
dust is of Saharan or Sahelian origin.
The mineralogical composition is a critical parameter for
estimating the radiative and biogeochemical impact of min-
eral dust. The results regarding dust composition have been
usedtoestimatetheopticalpropertiesaswellastheironfrac-
tional solubility of Saharan and Sahelian dust.
Data presented in this paper are provided in numeri-
cal form upon email request while they are being turned
into a public database, the Dust-Mapped Archived Proper-
ties (DUST-MAP), which is an open repository for compo-
sitional data from other source regions in Africa and world-
wide.
1 Introduction
Mineral dust from wind-driven soil erosion is an important
player in the climate system. It is emitted in large quantities
from arid and semi-arid regions of the globe, mostly Africa,
Asia, Australia and North America (Shao et al., 2011), ac-
counting for about 2000Mt to the annual global aerosol
emissions. Once in the atmosphere, mineral dust has sev-
eral climatic and environmental impacts, related to its abil-
ity to scatter and absorb radiation (both in the solar and the
terrestrial spectrum) to act as giant cloud and ice nuclei, to
alter the concentrations of some gaseous pollutants (such as
ozone) and to provide nutrients to the ecosystems via dry and
wet deposition, whereby also changing the surface albedo
(Shao et al., 2011; Mahowald et al., 2011). The relevance
of these phenomena can be expressed in terms of radiative
forcing, whose magnitude, in terms of central values, is esti-
mated to be as high as 0.5–1Wm−2 on the global scale (Ma-
howald et al., 2011). However, uncertainties remain impor-
tant because of the spatial heterogeneity of concentrations,
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due to localised emission and short residence time in the at-
mosphere(1weekatthemost,dependingonparticlesize)but
alsobecauseofthefarfromsatisfactoryknowledgeoftheun-
derlying physico-chemical properties, composition, size and
shape ruling the optical, chemical and physical interactions
of mineral dust with radiation and the atmospheric, terrestrial
or oceanic constituents (Formenti et al., 2011a). This is par-
ticularly the case with regard to composition. Dust is made
of different minerals, whose proportions, at emission, depend
on the mineralogy of the source region and surface wind
speed relative to the soil roughness, which determines their
size distribution (Marticorena and Bergametti, 1995; Alfaro
et al., 1998). The various minerals – clays, quartz, potassic
and sodic feldspars, calcium-rich carbonates and sulphates,
iron and titanium oxides – have different mineralogical and
crystallographic properties; therefore, they may act differ-
ently with respect to light extinction, absorption of water and
surface reactivity (Pye, 1987). For example, iron oxides have
been shown to control the interaction with light in the UV-
visible spectrum (Sokolik and Toon, 1999), whereas quartz,
clays and Ca-rich carbonates become important when look-
ing at the infrared part of the radiation spectrum (Sokolik et
al., 1998). Clays, but also feldspars, come in to play when it
comes to investigating the capacity of dust to act as ice nu-
clei at low temperature (Hoose et al., 2008; Atkinson et al.,
2013), whereas calcite (calcium carbonate) shows high sur-
face reactivity with respect to various atmospheric pollutants
(Crowley et al., 2010). Another clay family, the smectites,
bears the most soluble iron which might become available
as a nutrient to marine phytoplankton (Journet et al., 2008).
The properties of mineral dust are size-dependent, and the di-
mensional spectrum of mineral dust particles at emission ex-
tends over various orders of magnitude from approximately
200–300nm to 100µm (Kandler et al., 2009), depending on
wind speed at emission. As a consequence, the properties of
mineral dust vary as a function of time after emission due
to size-dependent deposition, mixing and gaseous conden-
sation. Because these processes are not well established, the
physico-chemical properties of mineral dust have to be deter-
mined experimentally at the various times of their life cycle.
In this paper, we relate the mineralogical and chemical com-
position of mineral dust from western Africa at emission or
at most within 1–2 days from emission. The southern Sahara
is the location of two of the most persistent dust sources on
theglobalscale:theBodélédepressioninbetweentheTibesti
and the Ennedi mountain chains in Chad and the areas in be-
tween the east of Mauritania, the north of Mali and the south
of Algeria (Prospero et al., 2002; Laurent et al., 2008; Wash-
ington et al., 2006; Shao et al., 2011). These sources are rel-
evant on the global scale as their emissions are transported
across the Atlantic Ocean towards South and Central Amer-
ica (Reid et al., 2003; Koren et al., 2006; Ben-Ami et al.,
2009, 2010).
The atmospheric content of mineral dust in western Africa
shows a very pronounced seasonal cycle despite high vari-
ability, both on the daily and interannual scales (N’Tchayi et
al., 1994, 1997; Goudie and Middleton, 2001). This is largely
explained by the alternance of two meteorological regimes.
Throughout the year, the “Harmattan”, a north-eastern dry
wind, is responsible for intense dust emissions in the arid ar-
eas of the Sahara and very efﬁcient transport towards the At-
lantic Ocean and across the Sahel (Pye, 1987; Sokolik et al.,
2001; Laurent et al., 2008). Wintertime is also the biomass
burning season south of approximately 13◦ N (Haywood et
al., 2008), and mixing between dust and biomass burning
aerosols might occur during southward transport (Johnson
et al., 2008). During summer, the Intertropical Convergence
Zone (ITCZ) displaces northward, allowing the surface mon-
soon ﬂow to intrude into the continent from the south-west
towards the continental Sahel. This shift induces a progres-
sive organisation of convection from isolated cells to large-
scale, quickly propagating systems, which, particularly at the
beginning of the monsoon season, often do not precipitate
and are efﬁcient in eroding bare soils and producing mineral
dust (Marticorena et al., 2010; Abdourhamane Touré et al.,
2011). The summertime column dust content over western
Africa results, therefore, from the superimposition of local
emission from the Sahel and remote transport of dust emit-
ted in the Sahara (Tegen and Fung, 1994; Yoshioka et al.,
2005; Marticorena et al., 2010).
The mineralogy of the Saharan and Sahelian source ar-
eas is different: the Sahara is mainly composed of Cal-
cisols or Arenosols, whereas the Sahel is richer in weathered
Plinthosols (Fe oxides, kaolinite, quartz) (Pye, 1987; Claquin
et al., 1999; Caquineau et al., 2002; Nickovic et al., 2012;
Journet et al., 2014). As a consequence, mixing or layering
of dust transported from the Sahara and that emitted locally
by convection over the Sahel should be detectable through
differences in the composition over the atmospheric column.
Furthermore, western Africa is prone to land-use change
because of the rapid demographic increase and desertiﬁca-
tion during drought periods (ECA, 2005; Dai, 2011), which
could feed back as increased emissions (Carslaw et al.,
2010). Rajot (2001) has shown that, in the Sahel, addi-
tional emission by wind erosion by mesoscale meteorolog-
ical disturbances, such as organised convective systems, oc-
curs on harvested soils only. These additional emissions, an-
thropogenic in origin, are not quantiﬁed to date (Boucher et
al., 2013). To provide the quantitative estimate of the miner-
alogical composition of mineral dust on a regional scale, we
report in this paper the synthesis of data from various aircraft
and ground-based ﬁeld campaigns which took place in west-
ern Africa in 2006 and 2007. These are the African Monsoon
Multidisciplinary Analysis (AMMA) special observing pe-
riod 0 (SOP0; Rajot et al., 2008), augmented by the airborne
Dust and Biomass-burning Experiment (DABEX; Haywood
et al., 2008); special observing periods 1 and 2 (SOP1-2;
Reeves et al., 2010); the Dust Outﬂow and Deposition to the
Ocean (DODO; McConnell et al., 2008) and the Geostation-
ary Earth Radiation Budget Intercomparison of Longwave
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and Shortwave radiation (GERBILS; Haywood et al., 2011).
Some of the data discussed in this paper have been published
previously (Formenti et al., 2008, 2011b; Rajot et al., 2008;
Klaver et al., 2011). Here, they are revisited with a broader
discussion of the mineralogical variability on the regional
scale of western Africa and its implications for climate. This
paper discusses whether, when mapped on the scale of west-
ern Africa, the regional variability in emission, deriving from
the heterogeneity of the mineralogy of the parent soils, is
still relevant or whether it becomes irrelevant when dust is
airborne. This is important for developing a model parame-
terisation for dust in regional and global climate models or
for satellite retrieval algorithms.
2 Methods
Full details of the ﬁeld campaign operations, experimental
procedures, collection and analytical protocols are described
in a number of companion papers (Hawyood et al., 2008,
2011; Formenti et al., 2008, 2011b; Rajot et al., 2008; Mc-
Connell et al., 2008, 2010; Klaver et al., 2011), which are
summarised below.
2.1 Field campaigns
AMMA was an international project to improve our
knowledge and understanding of the West African mon-
soon (WAM), its variability on daily-to-interannual
timescales and its effects on the state of the atmosphere
(Redelsperger et al., 2006). Because of their links to pre-
cipitation, wind speed, soil surface state and drought at
different timescales, mineral dust aerosols play a role in this
comprehensive scientiﬁc framework.
The experimental strategy of the AMMA program was
based on embedded multiyear, seasonal and intensive obser-
vation periods (Janicot et al., 2008; Lebel et al., 2010). The
observations used in this paper were conducted during the
intensive observations periods, called special observing peri-
ods (SOPs). The wintertime SOP (SOP0), was dedicated to
the investigation of mineral dust and biomass burning, and
their mixing; it took place between 13 January and 13 Febru-
ary 2006. The summertime observations (periods SOP1 and
SOP2) started on 31 May 2006 and ended on 17 July 2006
and were dedicated to the detailed description of the interac-
tions between aerosols and convection.
The ground-based observations were conducted at the
AMMA supersite of Banizoumbou (13.5◦ N, 2.6◦ E; 250m
above sea level), situated in a remote location about 60km
east from the capital of Niger, Niamey. This site has been op-
erational since the early 1990s, when the ﬁrst measurements
of soil erosion were performed on a cultivated ﬁeld and a
fallow (Rajot, 2001). Since 1995, the site has also been an
Aerosol Robotic Network (AERONET) station, measuring
columnar aerosol optical properties. The ground-based site
operations are fully described in Rajot et al. (2008).
The aircraft observations were conducted from Niamey,
Niger. The wintertime airborne campaign, called AMMA
SOP0-DABEX, was conducted onboard the Facility for Air-
borne Atmospheric Measurements (FAAM) BAe-146 air-
craft (Haywood et al., 2008). The aircraft performed 13 re-
search ﬂights in the area between 8 and 18◦ N, including
three dedicated excursion to the north of Niger, toward the
Aïr Mountains and the Ténéré desert, to probe speciﬁcally
mineral dust which was being transported. In summertime,
the observations were conducted onboard the Service des
Avions Français Instruments pour la Recherche en Envi-
ronnement (SAFIRE) ATR-42, which operated 20 research
ﬂights in the area between 6 and 20◦ N, thus crossing the
ITCZ to the north; this was done in order to contrast the
Sahara and the Sahelian dust properties in their respective
boundary layers (Reeves et al., 2010; Formenti et al., 2011b).
The GERBILS derived its scientiﬁc motivation from the
discrepancy that had been found between the satellite ob-
servations and the numerical weather model predictions of
thetop-of-the-atmosphereoutgoinglong-waveradiationover
desert areas in western Africa (Haywood et al., 2005). This
discrepancy could be reconciled by including mineral dust
in the model. The GERBILS experiment, whose full ra-
tionale and operating details are described in Haywood et
al. (2011), was therefore designed to test this hypothesis,
and to determine the properties of the mineral dust to be
included in the model. The experiment consisted of 10 re-
search ﬂights onboard the FAAM BAe-146, performed be-
tween Nouakchott (18.10◦ N, 15.94◦ W; Mauritania) and Ni-
amey (13.48◦ N, 2.18◦ E; Niger) on an almost constant route
along the 18◦ N meridian. Flights were performed between
18 and 29 June 2007, a period characterised by a persistent
and widespread dust load.
Finally, the DODO airborne experiment took place at two
different periods in 2006: in wintertime (7–16 February) and
in summertime (22–28 August). The aim of DODO was to
characterise dust as a possible nutrient for the marine ecosys-
tems. For this reason, the FAAM BAe-146 aircraft was based
in Dakar, in Senegal, and most of the 12 research ﬂights
(6 in the winter period and 6 in the summer period) were
conducted over the Atlantic Ocean in the outﬂow from the
Africancontinent.However,twoﬂights,oneperseason,were
carried out inland above Mauritania in order to sample dust
at or very close after emission (McConnell et al., 2008).
2.2 Sample collection and handling
2.2.1 Ground-based
Aerosol sampling at the ground-based AMMA supersite of
Banizoumbou was performed using two identical, purpose-
built, wind-oriented inlets designed for the AMMA ﬁeld
campaigns (Rajot et al., 2008). By using the standard
www.atmos-chem-phys.net/14/10663/2014/ Atmos. Chem. Phys., 14, 10663–10686, 201410666 P. Formenti et al.: Mapping the physico-chemical properties of mineral dust in western Africa
formulae of particle losses in inlets and tubings reported in
Baron and Willeke (2001) and Hinds (1999), the cut-off di-
ameter (50%) efﬁciency of these inlets has been calculated
to be approximately 40µm. Each inlet leads to a sampling
chamber containing seven different sampling lines, each of
them dedicated to a different instrument. Multiple sampling
lines are very convenient as they allow collecting various ﬁl-
ter samples in parallel (differentiated and optimized in terms
of sampling medium), exposure interval and ﬂow rate as a
function of the analytical technique to be applied. This also
results in minimal manipulation of the ﬁlters after sampling.
Samples were collected on acid-washed, 42mm polycarbon-
ate Nuclepore ﬁlters (0.4µm pore size) mounted on plastic
rings. Samples were stored in Petri dishes after sampling.
Sampling time was of the order of hours and was varied de-
pending on the aerosol mass concentration measured on-line
by a tapered element oscillating microbalance (TEOM; Rup-
precht and Patashnick, Albany, USA) (Rajot et al., 2008).
2.2.2 Airborne
During the AMMA SOP0-DABEX, DODO and GERBILS
campaigns, samples were collected onboard the FAAM BAe-
146aircraft.Theaircraftiscapableofcarrying2crew,18sci-
entists and a total scientiﬁc payload of up to 4000kg for a
distance of 3700km with a ceiling of 35000 feet and has a
typical science speed of 110ms−1. For the typical scientiﬁc
payload, ﬂight patterns, ambient meteorological conditions
and the proximity of diversion airports encountered during
the campaigns, the average endurance of the BAe146 air-
craft was approximately 5h. Sampling was performed us-
ing a set of two parallel thin-walled inlet nozzles with a
curved leading edge; the design was based on criteria for
aircraft engine intakes at low Mach numbers (Andreae et
al., 1988). The sampling system was operated at ﬂow rates
that averaged 120Lmin−1 (at ambient pressure and temper-
ature). The ﬂow was adjusted to maintain slightly subisoki-
netic sampling conditions. The passing efﬁciency of the in-
lets has not been formally quantiﬁed. During AMMA SOP-
0/DABEX, Chou et al. (2008) showed that the number size
distributions of the aerosols collected on the ﬁlters (counted
by electron microscopy) extended up to 10µm diameters and
were of comparable magnitude to those measured by wing-
mounted optical counters.
Aerosol particles were sampled by ﬁltration through two
stacked-ﬁlter units (SFUs) mounted in parallel. Each SFU
can hold a maximum of three ﬁlters on sequential 47 or
90mm diameter polyethylene supports. Only one stage was
used during the campaigns, i.e. samples represented the
aerosol bulk composition. Samples were collected only dur-
ing horizontal ﬂight legs lasting not less than 20min in or-
der to guarantee sufﬁcient loading of the ﬁlter samples. As a
consequence, at the aircraft cruise speed, each sample had, at
best, a spatial resolution of 180km. Each SFU consisted of a
Nuclepore ﬁlter (Whatman) of nominal pore size 0.4µm.
During the AMMA SOP1-2 campaigns, samples were col-
lectedonboardtheSAFIREATR-42.Withthenecessarypay-
loadforthecampaign,theaircrafthadamaximumendurance
of 4h. Minimum ﬂight altitude was 300m over land. The
ceiling was approximately 7km. The aircraft was equipped
with basic sensors for measuring the radiative, dynamic and
thermodynamic properties of the atmosphere (Saïd et al.,
2010).
Aerosol sampling was performed using the AVIRAD
aerosol sampling system, newly developed for AMMA (For-
menti et al., 2011b). It consists of an isoaxial and isoki-
netic inlet whose 50% passing efﬁciency has been estimated
to be 9µm in diameter. At the cruise speed of the ATR-42
(93ms−1) the delivered volumetric ﬂow rate is 350Lmin−1,
which was distributed to various instruments, including two
SFU for collecting bulk aerosol samples. Samples were ob-
tained by parallel ﬁltration through 42mm diameter poly-
carbonate membranes (nominal pore size 0.4µm, Nuclepore,
Whatman) on polyethylene supports. Samples were collected
only during horizontal ﬂight legs lasting no less than 20min.
Immediately after each ﬂight, the loaded ﬁlters were stored
in Petri dishes.
Ground-based operation with multiple sampling lines al-
lowed for parallel sampling where the sampling duration
was adapted to the characteristics (detection limit, saturation
level) of the technique to be employed for analysis. On the
aircraft, the two parallel samples available had to be manip-
ulated further to allow the number of analyses one wanted to
perform, also taking into account the fact that some analyses
are destructive of the sample. Therefore, the handling proto-
col for aircraft samples consisted of analysing entire ﬁlters or
portions thereof, depending on their load of mineral dust. A
dedicated tool in polyethylene has been developed for cutting
the 47 or 90mm ﬁlters into halves, quarters or eighth without
touching and, therefore, contaminating them.
2.3 Sample analysis
2.3.1 Elemental composition
The total elemental concentrations for elements from Na to
Pb were measured by wavelength dispersive X-ray ﬂuores-
cence (WD-XRF) for samples collected on the ground and
on the ATR-42 and particle-induced X-ray emission (PIXE)
for the aircraft samples collected onboard the BAe-146. The
reason for using different techniques for ground-based and
aircraft samples is the fact that the WD-XRF sample holder
set-up could not, at the time, host ﬁlters which are not sup-
ported on polyethylene frames. The details of the analyti-
cal protocols are provided in Formenti et al. (2008, 2011b),
McConnell et al. (2008), Rajot et al. (2008) and Klaver et
al. (2011). Elemental concentrations are estimated with a
5% error. An intercomparison exercise on samples generated
in the laboratory from geo-standards of known and certiﬁed
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Table 1. Calibration coefﬁcients by mineral, obtained from the calibration of the XRD analyser used in this study. The calibration coefﬁcients
represent the slope of the linear correlation between the number of diffracted counts by unit mass. The origin of the standard minerals used
in this study are also reported. The absolute uncertainty of the slope is also indicated, whereas numbers in parentheses are the percent
uncertainty, obtained as a ratio between the absolute uncertainty and slope value.
Mineral Origin Slope (cpsmg−1) R2
Quartz (SiO2) Fontainebleau, France 446±14 (3%) 0.88
Calcite (CaCO3) Bédarieux, France 325±11 (3%) 0.94
Dolomite (CaMg(CO3)2) Traversella, Italy 679±70 (10%) 0.55
Gypsum (CaSO4 2H2O) Unknown 446±22 (5%) 0.89
Orthoclase (KAlSi3O8) Madagascar 997±70 (7%) 0.69
Albite (NaAlSi3O8) Ontario, Canada 2456±56 (2%) 0.96
composition has shown that the two techniques yield compa-
rable results within the error bars (Formenti et al., 2010).
2.3.2 Mineralogical composition
The identiﬁcation of the major minerals making up
mineral dust (quartz (SiO2), calcite (CaCO3), dolomite
(CaMg(CO3)2, gypsum (CaSO4 q2H2O), clays (kaolinite,
illite, smectite, chlorite), feldspars (orthoclase KAlSi3O8
and albite NaAlSi3O8)) was performed by X-ray diffrac-
tion (XRD) analysis at the Institut de Recherche pour le
Développement (IRD) in Bondy, France. The diffractome-
ter, a Siemens D500 with Ni-ﬁltered Cu-Kα radiation, was
operated at 40kV and 30mA. Samples were scanned from
2 to 70◦ (2θ) in steps of 0.02. The analytical procedure and
semi-quantitative treatment are fully described by Caquineau
et al. (1997), who adapted the sample preparation to low-
mass mineral aerosol (load deposited on ﬁlter >800µg). The
calibration protocol that was applied to the XRD spectrome-
ter in order to quantify the mineralogical composition is de-
scribed in Klaver et al. (2011). The calibration curves were
improved after publication of the Klaver et al. (2011) paper
by calibrating the feldspars (orthoclase and albite). The cal-
ibration factors Ki, representing the ratio between the peak
surface area Si in the diffraction spectra and the mass mi of
the i mineral, are reported in Table 1. The error in the min-
eral masses is estimated as the sum of the relative error in the
peak area in the diffractograms and in the calibration factor
Ki: 1mi
mi = 1Ki
Ki + 1Si
Si . The term 1Ki/Ki is estimated from
the error in the slope of the calibration curve (Table 1), and
it varies between 2 and 10%. The term 1Si/Si depends on
the abundance of the mineral in the samples and has been
estimated from the counting statistics obtained.
2.3.3 Iron oxide content and speciation
The iron oxide content, deﬁned as the fraction of iron which
is not in the crystal lattice of silicates (Karickhoff and Bailey,
1973), was determined with the adapted citrate–bicarbonate–
dithionite (CBD) extraction method developed by Lafon et
al. (2004). This method is an adaptation for aerosol ﬁlters
(with typical material mass less than 500µg) of the classical
method of Mehra and Jackson (1960) for soil analysis. The
method uses a reagent to dissolve iron oxides selectively via
reduction. Details of this analysis are given in Formenti et
al. (2008, 2011b) and Klaver et al. (2011). The percent er-
ror in the iron oxide content is estimated to be 10% as its
assessment is based on two XRF analyses (prior to and after
dissolution of the iron oxides from the sample).
The speciation of iron oxides was performed by
X-ray absorption (XAS) in the Fe K range: XANES
(X-ray absorption near-edge structure) and EXAFS (ex-
tended X-ray absorption ﬁne structure) at the SAMBA
(Spectroscopies Applied to Materials based on Absorp-
tion, http://www.synchrotron-soleil.fr/portal/page/portal/
Recherche/LignesLumiere/SAMBA) beam line SOLEIL
synchrotron facility in Saclay, France. XAS spectroscopy
is based on the analysis of the position and shape of the K
pre-edge and edge peaks, depending on the oxidation state
of iron but also on the atomic position of the neighbouring
atoms, mostly O+ and OH−. The quantiﬁcation of the
Fe status was based on the analysis of ﬁve standards of
Fe(III)-bearing minerals which can be found in mineral
dust. Full details of the experimental protocols and the data
analysis are provided in Formenti et al. (2014).
2.4 Data interpretation and presentation
2.4.1 Source identiﬁcation
The identiﬁcation of source regions has been performed us-
ing a variety of ancillary products:
1. the record of measurements of the horizontal movement
of sand grains by a saltiphone (Eijkelkamp, Giesbeek,
the Netherlands) located in proximity to the sampling
inlets at the supersite of Banizoumbou and providing
the estimate of the saltation horizontal ﬂux related to
established local erosion (Sow et al., 2009);
2. various satellite products, in particular, the daily images
of the UV aerosol index by the Ozone Monitoring In-
strument (OMI) on Aura, the instantaneous dust product
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maps from the SEVIRI instrument on the MSG satellite
and the Infrared Difference Dust Index (IDDI) obtained
from the infrared channel of Meteosat (10.5–12.5µm)
(Legrand et al., 1994);
3. back trajectories and air mass dispersion calcula-
tions using the Met Ofﬁce Numerical Atmospheric-
dispersion Modelling Environment (NAME; Cullen,
1993) and the NOAA HYbrid Single-Particle La-
grangian Integrated Trajectory Model (HYSPLIT) as
described in Chou et al. (2008), Rajot et al. (2008) and
Klaver et al. (2011).
2.4.2 Data presentation
Calculation of the total mass
In the following, the composition of mineral dust will be pre-
sented as a percentage of the total dust mass (TDM). Accord-
ing to Pye (1987), the TDM can be decomposed as
TDM = mclays +mquartz +mCa-rich +mfeldspars (1)
+miron oxides +mtit oxides +morganic,
where mclays is the mass of the major clay species (kaoli-
nite, illite, smectite, chlorite); mquartz is the mass of quartz
(SiO2); mCa-rich =mcalc +mdolom +mgypsum is the mass of
calcium carbonates and sulfates in the form of calcite
(CaCO3), dolomite (CaMg(CO3)2) and gypsum (CaSO4);
mfeldspars is the mass of feldspars, such as albite and ortho-
clase (NaAlSi3O8 and KAlSi3O8, respectively); miron oxides
is the mass of hematite (α-Fe2O3) and goethite (α-FeOOH);
mtit oxides is the mass of titanium oxides (TiO2); and morganic
is the mass of organic matter which is present in the soils as
biological debris and complex organic molecules (humus).
In practical terms, the TDM can be approximated by the
TEDM (total estimated dust mass) as the sum of oxides cor-
responding to the major elements in mineral dust (Al2O3,
SiO2, Fe2O3, CaCO3, K2O and Ti2O) whose masses are
measured by XRF analysis. The TEDM estimated in this way
can be compared to the direct measurement of the total dry
gravimetric mass (TDGM) (which is available for some of
the data sets (ground-based AMMA SOP0 and SOP1-2 and
GERBILS)), either by weighing or by on-line Tapering Ele-
ment Oscillating Microbalance (TEOM, model 1400a, Rup-
precht and Patashnick Albany, New York, USA) (see Rajot
et al., 2008; Klaver et al., 2011).
The slope of the least-squared linear regression between
the TEDM and TDGM, calculated for the 81 samples for
which the extraction of iron oxides was performed (see
Sect. 3.3), is 0.98 and the coefﬁcient of determination (R2)
is 0.88. This is very satisfactory, taking into account that, be-
causethemassisdominatedbycoarseparticles,whichhavea
large mass but small number, differences might arise through
the loss of some coarse particles between the time at which
the ﬁlter was weighed and the time at which it was analysed
Figure 1. Comparison between the total estimated dust
mass (TEDM) estimated from the chemical composition and
the total dry gravimetric mass (TDGM) for the AMMA SOP0 (dry
season, open circles) and AMMA SOP1-2 data (wet season, black
circles). The dashed line represents the slope of the calculated
linear regression.
by XRF or by small differences between the ﬁlter sampling
duration and the TEOM integration times. As a matter of
fact, most of the scatter in the data is observed for samples
which corresponded to local erosion or transported emission
by convective systems and which had the largest fraction of
coarse particles and the shortest integration times. This be-
comes apparent the ground-based AMMA SOP0 and SOP1-
2 data (Fig. 1) are plotted separately.
Therefore, we consider that the TDM is equal to the
TDGM for samples for which the TDGM is measured.
When this is not available, the TDM is approximated via the
TEDM, calculated as the sum of oxides. The percent uncer-
tainty is calculated as the squared sum of the errors in the
calculation of the TEDM from the measured Al, Si, Fe, Ca,
K and Ti elemental masses. In this way, the percent uncer-
tainty in the TDM comes to 12%.
Calculation of the mineralogical composition
The mass apportionment presented in Eq. (1) has been per-
formed as follows:
1. The masses of quartz, calcite, dolomite, gypsum and
feldspar (mquartz, mCa-rich, mfeldspars) were quantiﬁed by
XRD using the mass/intensity calibration curves as de-
scribed in Sect. 2.3.
2. The mass of iron oxides (miron oxides) was measured di-
rectly by CBD analysis. The division of miron oxides into
its main components (hematite and goethite) was per-
formed by XANES spectroscopy.
3. The mass of the clay species, kaolinite, illite, smectite
and chlorite (mclays) was estimated by the difference be-
tween the TDM and the sum of the masses of mquartz,
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mCa-rich,mfeldspars andmiron oxides.Thedivisionofmclays
into its constituent species is difﬁcult to achieve without
a direct calibration. This calibration is highly uncertain
as there is basically no mineralogical reference with the
same crystallographic and chemical status as in the ac-
tualaerosolsamplesbecauseoftheexposuretotheenvi-
ronment, weathering in particular, that they experience
beforeandafterbecomingairborne.Furthermore,smec-
tite clays are actually a family of species with different
chemical characteristics. When only illite and kaolin-
ite are present in the samples and no traces of chlorite
or smectite are shown by XRD analysis, their mass can
be apportioned readily using the illite-to-kaolinite ratios
(I/K) established by Caquineau et al. (2002) as a func-
tion of dust source region as
mkaolinite =
mclays
1+ I
K
,
millite = mclays −mkaolinite.
(2)
When smectites or chlorite are also detected, Eq. (2)
does not hold true. In the following sections, we will
evaluate the uncertainties induced by this approxima-
tion.
4. The mass of titanium oxides mtit oxides was estimated
by calculating the TiO2 contribution as the measured
elemental Ti multiplied by 1.67, the ratio between the
atomic weight of TiO2 and that of elemental Ti.
5. The mass of organic compounds (morganic) in mineral
dust was generally ignored on the basis of the work by
Lepple and Brine (1976); it should not exceed 3% of
the TDM.
6. We also did not take into account the mass of diatomite
fragments which have been observed in samples origi-
nating from Bodélé (Chou et al., 2008). Diatomite frag-
ments are silicate skeletons of algae and they do not
have a crystalline structure which can be quantiﬁed by
XRD analysis. Their presence can be proven by elemen-
tal analysis showing excessive values of the Si-to-Al ra-
tio as high as 4 (Formenti et al., 2011b). The diatomite
mass can, therefore, be estimated by comparing the ex-
cess SiO2 mass calculated from elemental Si concentra-
tions with respect to the mean ratio to Al to the mass of
quartz estimated by XRD analysis. When doing so, the
excess SiO2 mass is comparable to that of quartz except
for the few samples for which dust originated from the
Bodélé depression; in this case their contribution to the
TDGM is in the range 6–13%. This contribution is ac-
countedforin theerrorbarsofthe clayfractionforthese
samples.
3 Results
The whole data set (ground-based and airborne AMMA
SOP0 and AMMA SOP1-2, GERBILS and DODO cam-
paigns) consists of 704 samples, for which we measured the
total elemental composition. Out of this total, 54 samples
have been selected to provide data on the major mineral com-
position, 86 have been analysed to provide the content of iron
oxide and 12 to determine the iron oxide speciation. 31 sam-
ples combined sufﬁcient information to determine the full
mineralogical composition. The sample selection has been
based on the ﬁlter loading and on the possibility of identify-
ing the samples’ provenance and attributing a source region
to them.
3.1 Identiﬁcation of source regions
Identifying the origin of the mineral dust collected on the
samples implies that one is able to make the link between the
knowledge of the position and the mineralogy of the source
regions and that of the aerosol samples. To do so, one must
know (1) the transfer function, at emission, linking the soil
mineralogical/chemical composition to that of the aerosols
and (2) the transfer function describing how its composition
is modiﬁed during transport.
Theﬁrsttransferfunctiondescribesthemineralogicalfrac-
tionation that occurs between the soil and the aerosol as a
consequence of the size segregation that happens when the
soil grains saltate on the soil surface (Rahn, 1976). The frac-
tionation can alter the elemental ratio between Si and Al as
a result of the depletion, at emission, in quartz and feldspars
with respect to clays. Quartz and feldspars have higher Si
content than clays and are more abundant in the sand than in
the silt/clay fractions of the soil (Mason, 1966; Rahn, 1976;
Chatenet et al., 1996). The latter are enhanced during emis-
sion by saltation/sandblasting (Alfaro et al., 1998). Whereas
there is still no systematic assessment of the transfer func-
tion between the soil and the aerosol composition, Claquin et
al. (1999) have shown that some mass ratios between miner-
als(forexample,thatofillitetokaoliniteandthatofcalciteto
quartz) are conserved from the soil to the aerosol if the com-
parison is restricted to roughly the same size fractions (clays
or silt). Lafon et al. (2006) also suggested that the free- to
total-iron ratio is preserved. Jeong (2008) has shown that the
calcite and the K-feldspar fractions are very similar in Asian
dust and the corresponding silty soil fraction. The percent of
phyllosilicate is higher in the dust aerosols than in the soil,
whereas the quartz and plagioclase fractions are lower.
The second transfer function describes how the dust com-
position is modiﬁed during transport. Our data set consists
of data which have been collected at most 2 days after emis-
sion. We expect that only particles of a diameter larger than
10µm would be lost in this short time (Pye, 1987). We there-
fore assume that the chemical/mineralogical composition of
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our dust aerosol samples can be linked to that of the parent
source regions.
To identify the pathway of air masses during transport and
trace them back to an active dust source, we used back trajec-
tory and dispersion modelling and various satellite products
(e.g. Chou et al., 2008; Klaver et al., 2011). This approach
does not apply to samples collected in the boundary layer
during the monsoon season south of the ITCZ. In this case,
the dominant ﬂow is from the south-west: dust is present in
the boundary layer only as a result of erosion by organised
convection or under particularly stable conditions when high
temperatures are established and the top height of the thermal
turbulence in the boundary layer rises to or above the shear
level, bringing dust from the free troposphere to the surface
level (Flamant et al., 2009; Formenti et al., 2011b).
Even when this is the case, this approach has various
caveats: ﬁrst, if their horizontal velocity is high and exceeds
the local threshold velocity, air masses within the bound-
ary layer might get loaded with dust along their way be-
fore reaching the sampling point. This happens, for example,
when emission is induced by large-scale frontal systems as
the one of 3–7 March 2006 (Tulet et al., 2008). Secondly,
ground-based sampling lasts several hours, and the direc-
tion of air masses might change in between. Finally, air-
craft samples cover large areas to which different air masses
from different source regions might contribute. This problem
might be overcome, or at least minimised, by increasing, as
much as possible, the sampling frequency to match the vari-
ability of transport. We did that by following the variabil-
ity of concentrations, in time or space, with ancillary mea-
surements at higher temporal resolution (mass concentration
by the TEOM balance or the scattering coefﬁcient by a TSI
nephelometer).
In spite of this, we cannot exclude the possibility that our
samples might represent larger emission areas than single
“hot spots” (see, for example, Fig. 1 in Klaver et al., 2011).
We do not necessary regard this as a problem, as the atmo-
spheric dust load, both in short- and large-scale transport,
is often due to a variety of sources active at the same time
(Glaccum and Prospero, 1980; Reid et al., 2003; Formenti
et al., 2003; Schepanski et al., 2007; Laurent et al., 2008;
McConnell et al., 2008; Marticorena et al., 2010). Also, this
supra-imposition, both in the vertical and in the horizontal,
is what is actually seen by spaceborne sensors. The results
of this paper might then be used to build a dust composition
model on a scale relevant to satellites.
When doing so, we found that samples presented in this
paper are representative of major African sources which, fol-
lowing Formenti et al. (2011) and Scheuvens et al. (2013),
are indicated as PSAs (potential source areas) in Fig. 2:
– The PSA2, including arid areas in Western Sahara,
Mauritania and Morocco, was sampled during the
DODO and the GERBILS campaigns. With respect to
Figure 2. Geographical identiﬁcation of the origin of the analysed
samples superimposed on the localisation of the major potential
source areas (PSA, in green) of mineral dust in western and north-
ern Africa proposed by Formenti et al. (2011a) and Scheuvens et
al. (2013) on the basis of the analysis of satellite products and the
chemical/mineralogical composition of the aerosol and the parent
soil. The approximate localisation of the Sahelian dust sources is
also indicated by the shaded light green area. The location of the
Banizoumbou ground-based site is indicated by the black cross.
The operating areas of the AMMA, DABEX, DODO and GER-
BILS ﬁeld projects are shown by black boxes. Figure reproduced
from Scheuvens et al. (2013) with permission from Elsevier.
the extent of this source, the northern part is under-
represented as it was sampled on one occasion only.
– The PSA3 represents an emitting area in northern Mali
and southern Algeria. This is the dominant source in
terms of frequency of sampling. The air masses travel-
lingfromPSA3oftenshowarecirculatingpathwayover
northern Niger. By doing so, they may at times pick up
dust from the desert areas close to the Aïr massif, which
is not depicted in Fig. 2, before reaching the sampling
site. These occurrences, when identiﬁed, are labelled as
PSA3-NN.
– The PSA4 was sampled on a few occasions during win-
tertime. As for PSA3, samples originating from PSA4
which involved the air masses coming into contact with
the surface in northern Niger when satellite images in-
dicated emissions have been labelled as PSA4-NN.
– A few samples also represent dust originating from the
Bodélédepression(PSA5).Insummertime,amixtureof
Sudan and Chad sources, including Bodélé, may have
been sampled (Flamant et al., 2009). Finally, a num-
ber of episodes of erosive emissions by convection in
the Sahel were also sampled and characterised (refer-
encedasSahel).TheseoccurredbothoverMaliandover
Niger.
The PSA1 source is not discussed in this paper as it was not
sampled during the ﬁeld campaigns.
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Figure 3. Scatter plot of the elemental ratio Fe/Ca versus Si/Al
with additional information on source identiﬁcation based on back
trajectory, satellite and dispersion modelling.
To provide a ﬁrst link between geographical origin and
chemical composition, we made a scatter plot of elemen-
tal Si/Al versus Fe/Ca, which we colour-coded according
to the source region and to satellite, back trajectories and
dispersion modelling information. These ratios have been
shown previously to be fairly robust indicators of the origin
of mineral dust on a large scale (Formenti et al. (2011a) and
references therein). The result is shown in Fig. 3.
There are some clear distinctions that can be made. Data
points having Si/Al>3 are unambiguously identiﬁed as
samples from the Bodélé depression, i.e. PSA5. Their Fe/Ca
ratio is about 1. Data points having Fe/Ca>3 are related to
emission from erosive events in the Sahel. There are various
sub-ranges in this group. Data having Fe/Ca in the range of
3–5 correspond to transported dust aerosol from the Sahel,
sampled 1–2 days after emission and corresponding to mixed
sources, such as PSA3 + Sahel. Data having Fe/Ca>5 cor-
respond to samples collected immediately or at a very early
stage after emission by convective events, mostly locally at
the ground-based Banizoumbou site (when the Fe/Ca ratio
exceeds 10) but occasionally from uplifted dust onboard air-
craft.
Data with Si/Al in the range of 2.5–2.9 and Fe/Ca in the
rangeof1–3havetheiroriginsmostlyatlatitudesintherange
of 16–27◦ N, i.e. PSA3. Whereas the variability of the Si/Al
ratio is low, that of Fe and Ca can be used to make some
distinctions amongst sources. Fe/Ca higher than 1 is mea-
sured in data points from northern Mali, Mauritania, Algeria,
northern Niger and Libya whereas Fe/Ca<1 is measured in
dust from Western Sahara (PSA2). For this source, there are
two clear outliers corresponding to samples of dust origi-
nating from Morocco and showing the lowest Fe/Ca ratio
(∼0.4).
Figure 4. Range of variability of the mineral content (in percent) as
obtained by XRD analysis. Boxes indicate the 25, 50 and 75% per-
centiles. Whiskers indicate the minimum and the maximum values,
whereas the open squares indicate the mean value of the distribu-
tion.
3.2 Mineralogical composition
The investigation of the mineral composition is based on
51 samples, 15 of which were collected onboard an aircraft.
This data set represents a diversity of sources and emission
conditions.
The most evident peaks, for all samples, are those of illite,
kaolinite and quartz. Less evident, and not ubiquitous, are the
peaks corresponding to feldspars (albite and orthoclase) and
calcium-rich minerals (calcite, dolomite, gypsum). Feldspars
are found in the samples from local erosion and southern Al-
geria, northern Niger, Mauritania and Western Sahara. This
last set might also contain calcium-rich minerals. Smectite
clays are detected as a large and rather weak peak at an-
gles comprised between 4 and 7◦. This is indicative of the
fact that smectites are a family of weathered clays of differ-
ent chemical composition (e.g. montmorillonite, nontronite),
whose crystalline structure can be heavily modiﬁed in the
environment. Smectite clays were only evident in samples
originating from southern Algeria, northern Niger, Maurita-
nia and Western Sahara.
We can obtain the mass fractions of minerals which can be
detected by X-ray diffraction by using the calibration factors
as described in Sect. 2.3.2 (Fig. 4).
Regardless of origin, clays and quartz account in average
for 87% (±6) and 10% (±6) of the diffracting mass. There
is only one clear outlier in an episode of intense local ero-
sion sampled at the Banizoumbou supersite (sample SOP1-
8) for which the percent clay fraction is reduced (56%) and
the quartz and feldspars fraction enhanced (41 and 3.3%, re-
spectively). This is consistent with the fact that, at erosion,
the size distribution shows an enrichment of coarse particles
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Figure 5. Variability of the iron oxide content (ratio of Feox to total
elemental Fe) according to the source region. Boxes indicate the 25,
50 and 75% percentiles. Whiskers indicate the minimum and the
maximum values, and points indicate the 5 and 95% percentiles.
Data labels are as follows: Mo stands for Morocco; Ma stands for
Mali; Mau stands for Mauritania; SA stands for southern Algeria;
and NN stands for northern Niger.
whose composition should be closer to that of the soil silt
fraction (Gillette and Walker, 1977; Chatenet et al., 1996).
The analysis of the XRD spectra also show that kaolin-
ite and illite are very often the only clay species detected. A
broad peak corresponding to smectites was detected on sam-
ples from Algeria and, at times, Bodélé, consistent with the
ﬁnding of Moreno et al. (2006). No chlorite has been de-
tected in our samples. As explained in the subsection “Cal-
culation of the mineralogical composition” of Sect. 2.4.2,
the relative proportions (by mass) of illite and kaolinite have
been estimated using the origin-dependent ratios established
by Caquineau et al. (2002). For the sources considered in
this data set, the illite-to-kaolinite ratios could vary between
0.1 and 2.3. The central and western Saharan sources (PSA2
and PSA3) display the highest values (1.6 to 2.3) for PSA5;
northern Niger and Sahel display the lowest values (0.1 to
0.7).
3.3 Iron oxide content and speciation
The quantiﬁcation of the content of iron in oxide form (Feox),
that is, free iron which is not in the crystal lattice of alumi-
nosilicates,wasperformedfor81samplesofdifferentorigins
and load (33 of these were collected onboard aircraft). On av-
erage, Feox accounts for 58±7% of the mass of elemental
Fe. The range of variability is illustrated in Fig. 5.
The lowest values (down to 44%) are found for samples
of dust originating from the PSA4 (Chad/Egypt) area and for
a set of samples collected above the PSA2 areas. The highest
values (up to 71%) are obtained for samples of dust emit-
ted by local erosion in the Sahel, including one episode in
which uplifted dust was collected onboard an aircraft after
emission. Other subsets of samples, such as those of dust
Figure 6. Dependence of the Feox content (Feox-to-Fe ratio) on the
Fe/Ca ratio for samples of different source regions identiﬁed in this
study.
originated from the southern Algeria/northern Niger areas,
display equally high values when, during long-range trans-
port, dust from Algeria mixes with locally produced dust in
Niger. It should also be noted that, because of the internal
variability of each group, there is no statistically signiﬁcant
difference between the iron oxide fractions of the total iron
for long-range-transported dust originating in latitudes north
of 16◦ N. A broad distinction between the Feox-to-Fe ratio
of Sahelian samples with respect to those of Saharan sam-
ples can be made by sorting the data points by their cor-
responding Fe/Ca ratio. Mineral dust emitted from the Sa-
hel (Fe/Ca>3) is characterized by a mean Feox-to-Fe ra-
tio value of 65% (±5%, standard deviation of the mean),
whereas episodes of transport from the Sahara (Fe/Ca<3)
are characterized by a mean ratio of 56% (±6%). No further
distinction based on origin is possible in this second group of
samples. This is illustrated in Fig. 6.
X-ray absorption spectroscopy on 12 samples of differ-
ing origins indicated that goethite is, overall, the dominant
species of iron oxides. Goethite accounts for 48 to 73% of
the iron oxide mass, whereas hematite accounts for 27 to
52%. These values do not show a clear trend with respect
to the sample origin. The relative proportions of iron in the
form of hematite and goethite with respect to total iron are
shown in Table 2.
3.4 Titanium oxide content
Titanium oxides deserve attention as they are involved in
photocatalytical heterogeneous reactions with various atmo-
spheric constituents, including volatile and semi-volatile or-
ganic compounds, which are found in transport regions of
mineral dust due to biomass burning emissions (Gustafsson
et al., 2006).
We therefore examined our data set in order to provide
estimates of the content of titanium oxides in mineral dust
from various sources in western Africa. The titanium oxide
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Table 2. Mean percent values of the oxide fraction of total Fe and relative proportions of hematite and goethite to total iron oxide as obtained
by XAS/XANES analysis. Standard deviations are indicated in parentheses.
Origin Oxide fraction Goethite fraction Hematite fraction
of total Fe (%) of Fe oxide (%) of Fe oxide (%)
PSA5 (Bodélé) 43 (±11) 65 (±7) 35 (±7)
PSA3 (northern Niger) 57 (±2) 59 (±8) 41 (±8)
PSA3 (southern Algeria) 55 (–) 62 (–) 38 (–)
Erosion, Sahel 66 (±5) 68 (±5) 32 (±5)
Figure 7. Scatter plot of the estimated mass of TiO2 with respect to
the total dust mass (TDM). Open circles are used to display values
for samples corresponding to transport of Saharan dust, whereas
ﬁlled circles are for samples corresponding to local emission in the
Sahel.
content has been estimated from the measured elemental Ti
concentration (obtained by XRF), which is converted to TiO2
using the appropriate molar mass conversion factor (1.67).
This should be considered as an upper-limit estimate as some
of the titanium in mineral dust is present as a substitution
element in aluminosilicates (Dolcater et al., 1970).
Figure 7 presents the correlation between TiO2 and the
TDM. Two populations can be identiﬁed: one correspond-
ing to samples collected in relation to erosion events and one
corresponding to advection events. For both populations, the
correlation is excellent (R2 equal to 0.97 and 0.92, respec-
tively) and the scatter of points is minimal. The TiO2 content
is higher in erosion events from the Sahelian region (aver-
age 1.2% (±0.1) of the mass) than for advection events of
Saharan dust, for which TiO2 represents, on average, 0.71%
(±0.01) of the mass.
Looking at the elemental ratios between Ti, Fe and Feox
provides further insights (Fig. 8). The ratio of Ti to Fe is in-
sensitive to changes in the proportions of Feox to Fe up to
60% and then starts increasing linearly with increasing Feox-
to-Fe ratio. This suggests that, in Sahelian dust, Ti is associ-
ated with iron oxides but that is not the case for Saharan dust.
Figure 8. Scatter plot of the Ti/Fe ratio with respect to the Feox-
to-Fe ratio.
3.5 Mass apportionment of the mineralogical
composition
By combining the information presented in Sects. 3.1 to 3.4,
we can estimate the mineralogical composition of samples of
mineral dust of local or distant origin.
The mass apportionment is shown in Table 3. Note that we
provide, here, the composition of the bulk mineral dust, with-
out explicitly taking into account the dependence on size.
There are clear similarities in the composition of the dust
from the different origins, ﬁrst of all in the fact that the clay
fraction represents the largest fraction of the dust mass. Also
note the absence of Ca-rich minerals (calcite, dolomite, gyp-
sum) in dust originating from the Sahel compared to that
originating elsewhere.
Despite the overall similarities, there is indeed a large in-
ternal variability within each source group, expressed by the
standard deviation around the mean; this might be related to
either the time or height after transport.
An example is provided by the composition of the four
samples in the Bodélé/Sudan group: one sample was col-
lected in the dry season, whereas the remaining three are
sequenced samples collected in the wet season, a time char-
acterised by the absence of local emission but also by a pro-
gressively increasing entrainment of dust transported from
the free troposphere to the surface layer (J. L. Rajot, personal
www.atmos-chem-phys.net/14/10663/2014/ Atmos. Chem. Phys., 14, 10663–10686, 201410674 P. Formenti et al.: Mapping the physico-chemical properties of mineral dust in western Africa
Table 3. Mineralogical composition (percentage by mass) according to the source region. Standard deviations are indicated in parenthesis.
DL: detection limit.
Source Kaolinite Illite Quartz Orthoclase Albite Calcite Dolomite Gypsum Goethite Hematite Titanium
oxide
Bodélé (wintertime) 84.1 (–) 8.5 (–) 2.9 (–) 0.2 (–) <DL 0.9 (–) <DL 0.2 (–) 1.6 (–) 1.1 (–) 0.7
Bodélé/Sudan (summertime) 76.1 (4.4) 7.0 (0.4) 11.2 (5.6) 0.5 (0.2) 0.1 (0.1) 1.3 (0.8) 0.3 (0.1) 0.2 (–) 2.0 (0.3) 1.3 (0.3) 0.7
Northern Niger/Libya 54.0 (–) 37.8 (–) 4.6 (–) 0.2 (–) <DL 0.4 (–) <DL <DL 1.5 (–) 0.8 (–) 0.8
Northern Niger/Libya/southern Algeria 60.5 (4.7) 24.0 (1.9) 3.6 (3.1) 0.2 (–) <DL 6.3 (2.9) <DL <DL 3.1 (0.2) 1.6 (0.1) 0.8
Southern Algeria/Mali 71.1 (13.5) 16.4 (11.8) 7.1 (0.8) 0.4 (0.2) 0.2 (0.1) 1.5 (0.01) 0.7 (0.4) 0.3 (–) 1.1 (0.1) 0.8 (0.05) 0.8
Southern Algeria/northern Niger (smectites) 75.2 (3) 7.0 (0.3) 10.8 (2.0) 0.6 (0.2) 0.1 (0.1) 0.9 (0.6) 0.4 (0.2) 0.5 (–) 2.4 (0.6) 1.7 (0.4) 0.8
Southern Algeria/northern Niger (non smectites) 78.2 (2.2) 7.2 (0.2) 6.6 (0.7) 0.4 (0.1) 0.1 (0.02) 3.0 (3.6) 0.2 (0.05) 0.6 (0.3) 2.4 (1.5) 1.8 (1.1) 0.8
Northern Niger 78.3 (–) 7.4 (–) 9.7 (–) 0.5 (–) 0.1 (–) <DL 0.3 (–) 0.9 (–) 1.4 (–) 0.7 (–) 0.8
Local erosion (all) 73.0 (13) 7.1 (1.3) 14.3 (13) 0.8 (1) 0.1 (0.2) <DL 0.1 (–) 0.3 (0.3) 2.1 (0.5) 1.2 (0.4) 1.3
Local erosion (quartz-rich) 46.6 (–) 4.4 (–) 40.6 (–) 2.9 (–) 0.4 (–) <DL <DL <DL 2.4 (–) 1.4 (–) 1.4
Local erosion (excluding quartz-rich) 78.3 (1.5) 7.5 (0.2) 9.1 (2.2) 0.4 (0.1) <DL <DL 0.1 (–) 0.3 (0.3) 2.0 (0.6) 1.1 (0.4) 1.4
Mali/Mauritania 29.7 (–) 46.3 (–) 17.3 (–) 1.3 (–) 0.4 (–) 1.0 (–) 0.8 (–) <DL 1.3 (–) 0.7 (–)x 1.3
Mali/Mauritania/Western Sahara 30.7 (3.2) 54.2 (6.0) 8.4 (1.7) 0.3 (0.1) 0.2 (0.2) 1.2 (0.9) 0.2 (0.2) 0.4 (–) 2.0 (0.5) 1.3 (0.3) 1.3
communication, 2013). These wet-season samples have a
lower clay fraction and a higher quartz and feldspar content
(in the range of 7–18% and 0.4–0.8, respectively). This vari-
ability corresponds to differences in the volume size distribu-
tion, normalised to the total volume for sake of comparison
(Fig. 9). As a matter of fact, the volume size distribution of
the dry-season sample presents a large coarse mode peaking
around 4–5µm, whereas the wet-season samples have a bi-
modal volume size distribution with an additional mode cen-
tred at 8µm. Within this group, the sample having the largest
quartz fraction is also the one displaying the larger fraction
of particles above 10µm.
A second example of the links between time after emis-
sion, size distribution and composition is given in Fig. 10.
This shows the normalised particle size distributions (by vol-
ume) for one case of Sahelian dust by local erosion (sam-
ple SOP1-8), two samples representing the background dust
composition in the absence of local erosion (SOP1-15 and
SOP1-60) and one case representing the composition of Sa-
helian dust advected at the sampling site after having been
emitted by local erosion nearby (SOP1-17). There are clear
differences between these cases: sample SOP1-8 has a mode
at 8µm and the largest coarse-particle fraction; Samples
SOP1-15 and SOP1-60 have a bimodal size distribution with
modal diameters at 3–4 and 8µm; ﬁnally, only the mode at 3–
4µm remains for sample SOP1-17. As for the case presented
in Fig. 9, it is evident from Fig. 10 that the coarse mode at
8µm bears most of the quartz and feldspar mass fractions
and that the dynamic evolution of this mode controls the con-
tent of quartz and feldspar in dust. The comparison of Figs. 9
and 10 also suggests that, once the mode at 8µm is deposited,
differences in the mineralogical composition of mineral dust
will be more independent of the size dynamics and reﬂect
better the differences in the mineralogy of the parent soil.
Figure9.NormalisedvolumesizedistributiondV /dlog(equivalent
optical diameter, EOD) at Banizoumbou during 3 consecutive days
in summer (labelled J1 (red line), J2 (green line) and J3 (blue line))
and one day in winter (black line) for samples representing dust
transported from the Bodélé source region. Data are reported as a
function of the EOD as obtained by optical counter measurements
without any corrections for the sample refractive index.
4 Discussion
4.1 Comparison with other data sets
Allcomprehensivepapersrelatingtothecompositionofmin-
eral dust state that the comparison of compositional data
from different data sets depends critically on the experi-
mental conditions, in particular the duration and location of
sampling (integration time, near-source location) (Formenti
et al., 2011a; Scheuvens et al., 2013). These considerations
are particularly relevant to aircraft sampling, where the dif-
ﬁculty in controlling the size cut-off of samplers generally
does not favour the coarse-particle fraction in an often non-
quantiﬁed way (Formenti et al., 2011a). Furthermore, as the
aircraft is moving during sampling, a 20min aircraft sample
will represent a distance of the order of 120km, which might
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Figure 10. Normalised volume size distribution dV /dlog (EOD)
for samples representing emitted dust in the Sahel during episodes
of local erosions. The explanation of the sample ID is given in the
text.
combine the contribution of various sources (Klaver et al.,
2011).
As a consequence, the integration and the comparison of
different data sets of the composition of mineral dust is not a
straightforward exercise.
Overall, our results indicate the dominance of clays in
the dust composition when only the aerosol fraction is mea-
sured. In this respect, they are in accordance with previ-
ously published papers for dust collected in Africa (Kan-
dler et al., 2009) or after long-range transport (Delany et
al., 1967; Kiefert et al., 1996; Glaccum and Prospero, 1980;
Caquineau et al., 2002). These measurements, however, tend
to indicate that the clay fraction accounts for ∼60–70% of
the dust weight, whereas our measurements suggest higher
values (80–90%). It should be remembered that the determi-
nation of the mineralogical composition will depend on the
crystallography of the standard minerals used for calibration,
and on the normalisation to the total dust mass. In our work
the percentage of clays in dust depends directly on the nor-
malisation factor, regarding which we have an uncertainty of
theorderof17%asweestimateclaysfromthedifferencebe-
tween the total dust mass and the calibrated mass of non-clay
compounds. As an example, Glaccum and Prospero (1980),
using standard clays minerals for calibration, estimate that
the crystalline mass represented 70 to 110% of the weighed
mass. These values reﬂect, at least partially, the uncertainty
regarding the clay fraction.
Nonetheless, in some cases differences might be due to
the sampled aerosol size distribution. As a matter of fact, the
lowest detected percentage of clays corresponds to sample
SOP1-8, collected during an intense episode of local ero-
sion. In this case, clays account for around 50% of the mea-
sured mass, in accordance with measurements by Caquineau
et al. (1997, 2002) in similar conditions.
The inﬂuence of size on composition is also clear, for
example, by looking at the data published by Kandler et
al. (2009), who documented the dust composition in a dust
storm (total suspended particulate concentrations higher than
300000µgm−3) and in low-dust periods (total suspended
particulate concentrations around 100µgm−3) in Morocco.
Quartz accounts for as much as ∼65% in dust storm condi-
tions, suggesting that soil grains, and not only aerosols, were
sampled. Conversely, low-dust conditions are characterised
by only about 20% of quartz. These authors showed that, for
locally emitted dust, illite is dominant over kaolinite (up to
30 and 5% by volume, respectively). These authors also de-
tected clay in the form of chlorite (less than 10% by weight)
and calcite (up to 15%).
Few authors have published data on the iron oxide content.
Lafon et al. (2004) evaluated the free-to-total iron content in
samples collected at the Banizoumbou ground-based site and
found mean values of 0.44 (±0.11) and 0.65 (±0.04) for dust
transported in the Harmattan ﬂow (from the Sahara) and dust
emitted locally by convective erosion. Lazaro et al. (2008)
found slightly lower values than ours ranging from 0.26 to
0.63 but only exceeding 0.56 on three occasions when back
trajectories indicated transport from the Sahel or a mixture
of dust originating from the Sahara and the Sahel. Our val-
ues are higher than those of these authors. Nonetheless, the
back trajectories presented in the paper seem to indicate that
the Saharan dust originated from higher latitudes than our
samples – and mostly from Tunisia and Algeria. It will be in-
teresting in the future to sample those source areas to conﬁrm
these rather low values.
Finally, our results on the iron oxide speciation are con-
sistent with ﬁndings of different authors using XANES spe-
ciation (Wilke et al., 2001; Ohta et al., 2006; Prietzel et al.,
2007; Majestic et al., 2007) and visible spectroscopy (Ari-
moto et al., 2002), indicating that Fe(III) is the dominant re-
dox form of iron oxides and that goethite is the predominant
form of iron oxide over hematite.
4.2 Atmospheric implications
The results showed in this paper suggest that, when restricted
to the mass fraction below 20µm, the dust composition in
western Africa may apparently be simpliﬁed to a few miner-
als, clays, quartz, calcite, iron and titanium oxides. Feldspars
and other calcium-containing minerals such as dolomite and
gypsum are very minor components, close to detection lim-
its. The geographical distribution of the dust composition is
relatively unimportant in terms of mass fractions, in particu-
lar in comparison to the importance of the size distribution,
whose variability with time seems to be able to explain some
differences observed between samples from the same source
region at different times after emission. Nonetheless, it is im-
portant to evaluate whether differences in composition on the
regional scale, even when minor, might give rise to differ-
ences in the impacts of mineral dust.
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Table 4. Complex refractive indices of individual minerals used in
this study. The spectral domains are indicated.
Mineral Reference Spectral domain (µm)
Illite Egan and Hilgeman (1979) 0.185–2.6
Querry (1987) 2.5–200
Glotch et al. (2007) 5–100
Kaolinite Egan et Hilgeman (1979) 0.185–2.6
Roush et al. (1991) 5–25
Glotch et al. (2007) 5–100
Calcite Querry et al. (1978) 0.2–25
Long et al. (1993) 2.5–300
Dolomite Barthelmy (2007) 0.185–2.5
Querry (1987) 2.5–40
Albite Barthelmy (2007) 0.185–2.5
Orthoclase Barthelmy (2007) 0.185–2.5
Gypsum Barthelmy (2007) 0.185–2.5
Long et al. (1993) 2.5–300
Goethite Bedidi and Cervelle (1993) 0.46–0.7
Glotch and Rossman (2009) 8.3–50
Hematite Bedidi and Cervelle (1993) 0.4–0.7
Marra et al. (2005) 6.5–50
Longtin et al. (1988)* 0.2–300
Quartz Longtin et al. (1988)* 0.2–2
Peterson and Weinman (1969) 5–36
Spitzer and Kleinman (1961) 5–37
∗ Longtin et al. (1988) have compiled values of complex refractive indices for hematite
and quartz based on different sources.
To do so, we explore the inﬂuence of dust composition on
the spectral complex refractive index ñ and the fraction iron
solubility.
4.2.1 Implications for optical properties
As a mean of evaluating the effect of the variability of com-
position on dust optical properties, the volume-average re-
fractive index has been calculated as
˜ n =
X
j
fj × ˜ nj, (3)
where fj is the volume fraction of each individual mineral
in the dust sample (as reported in Table 3) and ñi is its com-
plex refractive index. Equation (4) assumes that minerals in
dust are internally mixed. In reality, minerals are present
in dust as external mixtures, with the exception of iron ox-
ides, which may be found as inclusions in clays (Sokolik and
Toon, 1999). However, the internal mixing hypothesis is fre-
quently used in experiments and climate models (e.g. Balka-
nskietal.,2007;Kandleretal.,2009;McConnelletal.,2010;
Hansell et al., 2011).
Values of the complex refractive index ñj of the individual
minerals detected in our samples are listed in Table 4. We
have restricted the calculations to two spectral domains: the
near UV-visible between 370 and 700nm and the thermal IR
from 8 to 15µm, where values for all individual minerals are
available.
Results are presented in Fig. 11, where they are compared
to the values of the “desert” dust aerosol model in the OPAC
(Optical Properties of Aerosols and Clouds) database (Hess
et al., 1998), often used in satellite retrieval algorithms in the
thermalinfrared(seeTable1inKlüseretal.,2012)butalsoin
radiative transfer calculations (Highwood et al., 2003; Hay-
wood et al., 2005). The “desert” model in the OPAC database
represents the properties of mineral dust in the source region,
with the dust considered to be a mixture of quartz and clays
in different size fractions.
We restrict Fig. 11 to the visible and infrared imaginary
parts of the complex refractive index ñi. In the visible, the
imaginary part of the complex refractive index is relatively
constant with wavelength. Mean values are of the order of
0.003, with standard deviation of the order of 0.001, with
the exception of data from the PSA4 source, which aver-
age at 0.006 and present a standard deviation of 0.003. It
is difﬁcult to judge this variability as it is induced by one
sample only, representing an outstanding iron oxide frac-
tion. In the infrared, the imaginary part shows a band-type
structure relating to the major absorption bands of clays and
quartz, mostly found in the atmospheric window between 8
and 11µm. There is very little sample-to-sample variabil-
ity in the position of the bands or in the relative propor-
tions of the band peaks, with the exception of the Sahelian
dust samples, which present a larger standard deviation due
to the enhancement of the band at 9.2µm corresponding to
the outstanding quartz fraction of sample SOP1-8. There is
very little difference in the spectra of sources PSA3, PSA4
and, to a lesser extent, PSA5, which have the highest absorp-
tion values at 9.6µm. However, the spectral dependence for
dust from source PSA2 is different (peak at 9.2µm more pro-
nounced than that at 9.6µm).
Thecomposition-basedrefractiveindicescalculatedinthis
study are very different to those of the OPAC database. Be-
low 0.6µm, the volume-averaged values are lower than the
OPACvalues,withtheexceptionofvaluesforthePSA4sam-
ples, due to their larger standard deviation. Above 0.6µm,
the two data sets converge. The spectral dependence is also
inconsistent and reﬂects the reduced spectral variability of
the values for iron oxides (both hematite and goethite) in
Bédidi and Cervelle (1993) with respect to other commonly
used databases, such as that of Shettle and Fenn (1979) for
hematite on which OPAC is based.
The calculated volume-average infrared values in the ab-
sorption band between 8 and 10µm are two times higher
than in the OPAC database. The main reason for this is the
volume-mixing rule, which enhances absorption. Addition-
ally, for single-mineral species, various authors (Hudson et
al., 2008a, b; Mogili et al., 2007, 2008) found strong differ-
encesinpeakpositionsandspectralshapebetweenextinction
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Figure 11. Imaginary part of the complex refractive index calcu-
lated from the mineralogical composition of dust originating from
sources PSA5, PSA4, PSA3, local erosion in the Sahel, and PSA2
(from top to bottom). Panel (a) represents the real part in the
0.3–0.7µm, calculated assuming the refractive index from Table 3.
Grey-shaded curves represent results obtained when using the data
from Bedidi and Cervelle (1993) for hematite, whereas blue-shaded
areas correspond to values from Shettle and Fenn (1979). Panel
(b) represents the imaginary part of the complex refractive index
calculated in the 6–16µm spectral domain. The black line with
white diamonds represents data from the OPAC database (Hess et
al., 1998).
spectra measured by Fourier transform infrared spectrometry
and those calculated from published optical constants. All
these studies show residual differences suggesting that op-
tical constants might vary depending on whether they had
been determined using powders or bulk samples, on the de-
gree of water association of minerals and on their chemical
form (substitutions, impurities). As this variability might be
even larger when looking at actual dust samples, the compar-
ison clearly suggests that new measurements of IR extinction
spectra on real dust samples representative of the mineralog-
ical composition of the different source areas are required.
4.2.2 Implications for Fe fractional solubility
The solubility of dust iron is a function of iron speciation,
i.e. oxidation states, bonding environments and mineralogy
(Journet et al., 2008; Schroth et al., 2009). Thus, due to
higher solubility of iron trapped in the crystal lattice of alu-
minosilicates and the large abundance of clay minerals, Jour-
net et al. (2008) suggested that the use of hematite as a sin-
gle source of DFe in biogeochemical models might cause an
underestimation of the DFe supply to the ocean. On this as-
sumption, Paris et al. (2011) showed that the iron fractional
solubility in mineral dust can be estimated as the sum of the
Fe solubility of various minerals compounding iron in the
dust matrix. We propose to apply this calculation to this data
set to estimate the solubility of dust in the source region. For
this purpose, we use the iron solubility from minerals mea-
sured by Paris et al. (2011) at pH = 4.7, the typical pH of
African rainwaters (Desboeufs et al., 2010), i.e. SFe equal
to 0.17% for illite and 0.006% for free iron from goethite
and hematite. Paris et al. (2011) made the approximation
that all the iron associated with clay is present as illite. Jour-
net et al. (2008) emphasized that even the iron in impurities
in kaolinite or feldspars matrices present a high solubility.
Our measurements show the predominance of kaolinite in
comparison to illite, so we consider also the dissolution of
Fe from kaolinite due to the large proportion of this min-
eral in the studied samples. We use SFe equalling 0.63%
for kaolinite (P. Paris, personal communication, 2013). The
percent quantity of feldspar being usually inferior to 1% in
the samples, we neglect the iron associated with these min-
erals. Smectites, such as montmorillonite, are also minerals
with a high content of iron with a higher solubility (Jour-
net et al., 2008). However, due to the difﬁculties in quanti-
fying the smectite fraction, this other source of structural Fe
is not well constrained. Moreover, Shi et al. (2011) mention
the presence of highly soluble nanoparticles of ferrihydrite or
poorly crystallised iron in the ﬁne fraction of soils. However,
the quantiﬁcation of this iron phase is obtained by sequential
extraction and is difﬁcult to apply on ﬁeld samples due to the
low mass. Therefore, we are not able to consider this species
in our calculation.
Among the samples present in our database, the miner-
alogical composition including goethite, hematite, illite and
kaolinite is evaluated for 27 samples, enabling us to calcu-
late the iron fractional solubility (Table 3). In this case, the
iron content in illite is assumed to be equal to 4.0±0.9%,
which corresponds to the mean stoichiometric value of two
typesofillites(Fithian,Illinois,andRochester,Minnesota,as
shown in Journet et al., 2008). The iron content in illite can
vary from 0.8 to 8.4% (Murad and Wagner, 1994); this large
range is due to the fact that Fe is present as a substitution of
Al or K in the sheet-like structure of illite, depending on the
environmental conditions that the clay has experienced in the
soil fraction (weathering, etc.). In goethite and hematite, we
estimated the iron content based on the analysis of Journet
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Figure 12. Iron solubility calculated from the mineralogical com-
position and from CBD analysis as a function of emission source.
Error bars indicate standard deviation. When error bar is not pre-
sented, the data are only for one sample.
et al. (2008) and Paris et al. (2011) as 62.9 and 57.5% for
goethite and hematite, respectively. For kaolinite, Mestdagh
et al. (1980) showed that the iron content is related to the
crystallinity of the mineral and ranges from 0.02 to 0.81%
with an average of 0.4%±0.2%, which is used for our cal-
culation.
In order to gain a wider view of the variability of iron sol-
ubility as a function of emission source, we can also cal-
culate iron solubility from the partitioning between struc-
tural and free iron as obtained by the CBD extraction
analysis (Table 2). This is doable for 85 samples, among
which the 27 samples for which the mineralogical com-
position is estimated. In this case, we consider the struc-
tural iron (%Festructural) to be associated with illite (%Feillite)
and kaolinite (%Fekaolinite) in the proportion of the illite-to-
kaolinite ratio corresponding to the origin of the samples
(see Sect. 3.2), such that
%Fekaolinite −
%Festructural  
1+10× I
K
 (4)
and
%Feillite −%Festructural −%Fekaolinite, (5)
with 10 representing the illite-to-kaolinite iron content ratio
(4.0%/0.4%). Results are summarised in Fig. 12.
The mean value of iron fractional solubility is 0.10%
(±0.02%), whatever the methods of calculation, i.e. min-
eralogical composition or CBD extraction analysis. There
is little variability in iron solubility as a function of the
source; nonetheless, this is the direct opposite of the iron
oxide content, i.e. the lowest values (0.08%±0.01%) ob-
tained for samples of Sahelian dust with the highest iron ox-
ide content. Inversely, the samples with the highest solubil-
ity (0.13%±0.01%) issued from PSA3, i.e. southern Alge-
ria/Mali, present a low percentage of free iron (49%). Data
show that 54 to 87% of soluble iron is structural iron as-
sociated with illite, meaning that this mineral is the major
provider of soluble iron. The determining factor for this pa-
rameter is the quantiﬁcation of illite and, hence, the hypothe-
sis made on the illite-to-kaolinite ratio as a function of emis-
sion source, which is estimated from Caquineau et al. (2002).
Thus, the regional variability in iron solubility obtained here
is mainly associated with this ratio, which should be better
constrained. A rapid calculation for the PSA3 samples, the
richest in structural iron, shows that iron solubility is divided
by a factor of 2 when I/K varies from 0.1 to 2.3, the extreme
values observed by Caquineau et al. (2002). This means that
the solubility between the various emission sources varies, at
best, by a factor of 2. Another source of error could be the
estimation of iron oxide, which is affected by errors of 30%.
Sample-to-sample comparison shows that there is a rather
good correspondence between the two methods of calcula-
tion (within 15%). However, the calculation based on miner-
alogy yields values lower by a factor of 1.5 for the samples
from PSA3 alone or for samples originating from a mixture
of sources, meaning an underestimation of structural iron in
comparison to the direct measurements by CBD analyses.
Smectites are identiﬁed for several samples of this source;
we, therefore, underestimate the calculated solubility for the
samples where these minerals are present.
The mean fractional iron solubility obtained by calcula-
tion is consistent with, though rather inferior to, the obser-
vations obtained for transported Saharan dust over the At-
lantic, which ranges from 0.12 to 4.1% (Sarthou et al., 2003;
Baker et al., 2006; Sholkovitz et al., 2012). However, our cal-
culations are exclusively based on mineralogical parameters,
since our samples have been collected at most 2 days after
emission and do not integrate the various chemical and phys-
ical processes increasing dust solubility during long-range
transport, such as cloud processes (Desboeufs et al., 2001);
photochemical processes (Hand et al., 2004) or organic com-
plexation (Paris et al., 2013). Thus, the range of calculated
values could be representative of iron solubility for the var-
ious sources of African dust before transport. Moreover,
the limited regional variability estimated here in comparison
to the variability of measurements over the Atlantic Ocean
shows that the emission source of dust is less critical when
estimating the fractional iron solubility of dust than the pro-
cess after transport. Nevertheless, new direct measurements
of the iron fractional solubility for sources of dust in western
Africa are necessary to validate these conclusions.
5 Final remarks, conclusions and perspectives
In this paper we have presented an insight into the mineralog-
ical composition of mineral dust from western Africa from
the synthesis of the airborne and ground-based observations
of ﬁeld campaigns conducted between 2006 and 2007. These
observations have been made at emission or within 2 days
of transport into the atmosphere. The strength of this synthe-
sis resides in the fact that the observations were made in a
consistent way from the methodological point of view (both
for sample collection and analysis) and that they span a large
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geographical region covering some of the major African dust
sources.
The composition data presented in this paper are being
made public as part of a data set called DUST-MAP, to date
still in its trial version. Meanwhile, data are available upon
request. The prospective evolution of this data set will be
the inclusion of data from other ﬁeld campaigns, both close
to source regions and at some distance. Amongst these are
the Fennec and the SAMUM (Saharan Mineral Dust Experi-
ment) ﬁeld campaigns (Heintzenberg et al., 2009; Ansmann
et al., 2011; Washington et al., 2012), which were conducted
at downwind sources in Algeria and Morocco and were rel-
evant to large-scale transport (Caquineau et al., 2002). This
will require a close-up examination of experimental proto-
cols and a careful evaluation of their inﬂuence on the results.
The presentation of this work deserves some ﬁnal consid-
erations and opens various perspectives.
The bulk mineralogical composition of dust in western
Africa can be described by a simple model where kaolinite
and illite account for 80% or above of the mass, and quartz,
iron and titanium oxides for the remaining 20%. Calcite is
a distinctive element of Saharan sources, for which it ranges
between 0.3 and 8.4% of dust mass. For the remaining min-
erals, the variability is due to source type (e.g. the propor-
tions of illite and kaolinite as evidenced by Caquineau et
al., 2002) or to differences in the size distribution, particu-
larly the increase of the quartz fraction corresponding to a
coarse mode centred around 8µm in diameter. To the best of
our knowledge, we are the ﬁrst to provide a large data set
of titanium oxide data, which can be relevant to atmospheric
photochemistry (Ndour et al., 2008). We estimate that Sa-
helian dust is composed of 2% (by mass) of titanium ox-
ides, that is, double the mass fraction of dust from sources
in the PSA2, PSA3, PSA4 and PSA5 areas, with very lit-
tle sample-to-sample variability. Iron oxides, also important
for atmospheric chemistry processes and radiation, display
higher values in Sahelian than in Saharan dust.
The discussion of the regional variability of the miner-
alogical composition is based on our ability to detect source
areas based on satellite remote sensing or on soil property
maps (e.g. Claquin et al., 1999; Schepanski et al., 2007; Lau-
rent et al., 2008; Ginoux et al., 2012; Nickovic et al., 2013;
Journet et al., 2014) and to attribute the provenance of an
air mass to it via back-trajectory calculations (e.g. Klaver et
al., 2011). Beside the uncertainties inherent in the detection
of sources, there are two additional factors of ambiguity in
source attribution: ﬁrst, air masses, especially during win-
tertime, mostly travel in the boundary layer and might up-
lift dust aerosols at various times before reaching the sam-
pling site; secondly, aircraft samples might combine trans-
port from various sources active at the same time due to the
fact that an aircraft moves during sampling and that sample
collection lasts at least 20min, which corresponds to about
120km at typical aircraft cruise speed (see Fig. 1 in Chou
et al. (2008) and Fig. 1 in Klaver et al. (2011)). It is there-
fore clear that some ﬁne features of the mineralogy speciﬁc
to individual sources might be lost. Nevertheless, our data
represent the composition of the regional dust load well as
it results from the natural mixing occurring during transport.
They are also of comparable spatial resolution to those of
various state-of-the-art global and regional circulation mod-
els including dust mineralogy models (Balkanski et al., 2007;
Hoose et al., 2008; Huneeus et al., 2011). Henceforth, the
composition data presented in this paper may serve to evalu-
ate the regional and global model estimates of the dust miner-
alogical composition in the western African atmosphere and
to calculate dust properties relevant to their direct, indirect
and biogeochemical impacts. Claquin et al. (1999) have dis-
cussed some comparisons between the mineralogy of dust
atmospheric data and that of the soil fraction predicted by a
surface mineralogy table constructed from maps of the arid
soilmineralogy(updatesofthistablehavebeenrecentlypub-
lished by Nickovic et al. (2012) and Journet et al. (2014)).
To do so, these authors have calculated weight ratios be-
tween some minerals (calcite, feldspar and hematite, where
hematite is meant to represent the sum of the content of
goethite and hematite) with respect to quartz. Our data are
consistent with the Claquin et al. (1999) data set regarding
the variability of the calcite-to-quartz ratio but display higher
and lower ratios for hematite and feldspar, respectively. Our
ratio of hematite-to-quartz ranges between 0.03 and 1 (0.09
and 3 when the sum of goethite and hematite is considered)
instead of 0.009–0.09, whereas our ratio feldspar-to-quartz is
in the range of 0.03–0.11 instead of that of 0.2–2 in Claquin
et al. (1999). These differences illustrate the fact that our data
are closer to representing the clay soil fraction, whereas the
data of Claquin et al. (1999) best represent the silt fraction,
richer in quartz particles. When limited to sample SOP1-8
(the local erosion sample enriched in quartz and with a par-
ticle fraction larger than 20µm), ratios are 0.09 for hematite-
to-quartz (0.03 if hematite only is considered) and 0.08 for
feldspar-to-quartz; these are the ranges expressed by Claquin
et al. (1999).
Finally, we have provided the estimate of parameters rele-
vant to the direct impact of mineral dust on radiation and on
ocean productivity: the complex refractive index ñ and the
iron fractional solubility SFe.
Assuming internal mixing, we have shown that the com-
plex index of refraction based on mineralogy has some vari-
ability, mostly related to the separation of illite and kaolin-
ite and to the quartz fraction higher than 40% of the dust
volume. The spectral behaviour of the estimated complex in-
dex of refraction is quite different from the OPAC database.
The OPAC approach overestimates absorption in the visi-
ble. On the other hand, a very recent study presents values
of the complex refractive index in the shortwave based on a
global mineralogy soil map (Smith and Grainger, 2014). At
550nm, these authors predict a real part of the complex re-
fractive index around 1.56, that is, higher than ours which
ranges between 1.45 and 1.51. Their imaginary part averages
www.atmos-chem-phys.net/14/10663/2014/ Atmos. Chem. Phys., 14, 10663–10686, 201410680 P. Formenti et al.: Mapping the physico-chemical properties of mineral dust in western Africa
at6.2×10−4,thatis,almostanorderofmagnitudelowerthan
our predicted values (average 3×10−3). This is the conse-
quence of the fact that optical properties estimated from the
soil fraction will reﬂect more closely the optical properties of
quartz, which is enriched in the soil fraction with respect to
the aerosol fraction due to the size fractionation at emission.
An additional conﬁrmation is given by the fact that, in our
data, the highest value of the real part of the complex refrac-
tive index is obtained for sample SOP1-8, representing the
Sahelian erosion case with the highest quartz fraction (41%
by weight), whereas the highest values of the imaginary part
are obtained for samples representing long-range transport
from Libya through northern Niger and having a low or even
the lowest quartz percentage by weight (1.5–6%) but having
the highest calcite fraction (4–8% by weight). As a matter of
fact, quartz is transparent in the visible, whereas calcite and
clays are absorbing. These considerations lead to the conclu-
sion that not only soil mineralogy but also the transfer func-
tion between the soil and the aerosol fractions must be im-
plemented in models estimating the dust optical properties.
Inthelong-wavespectrum,ourcalculationssuggesthigher
absorption than the OPAC model in the atmospheric window.
The 10–12µm band, which is sensitive to differences in the
mineralogical composition amongst sources, is relevant to
the retrieval of various spaceborne sensors, including IASI,
AIRS and MODIS (De Souza Machado et al., 2006; Hud-
son et al., 2008a; Klüser et al., 2011; Laskina et al., 2012).
Some of the discrepancies between our values and the OPAC
database are, at least partially, due to differences in the op-
tical constants of the individual minerals. Dedicated in situ
measurements of the optical constants of the dust samples
would allow us to conﬁrm this hypothesis.
Nonetheless, a limitation of this study, impacting our es-
timate of the complex refractive index, is the quantiﬁcation
of smectite-type clays. For the purposes of the present study,
wehavechosentoignorethecontributionofsmectites,which
were detected only in a few samples and which we consider
as a trace component of the aerosol. Also, smectites are dom-
inantinthe0.2µmsizefraction,whichispoorinmineraldust
in our samples (Klaver, 2012).
In the visible, Egan and Hilgeman (1979) indicated that
two different montmorillonite types (one from Wyoming and
one from Mississippi) have refractive indices very similar, to
those of either kaolinite or illite, both in spectral dependence
and magnitude. However, below 500nm the imaginary part
of the complex refractive index of the montmorillonite from
Mississippi is higher by a factor of 2 than that of illite, reach-
ing 0.004 between 200 and 360nm. In the infrared, various
authors (Toon et al., 1976; Glotch et al., 2007; Hudson et
al., 2008) have shown that montmorillonite has similar op-
tical properties to those of illite, albeit displaying a higher
intensity of extinction around 9.5µm in the Si–O stretching
band. Köster et al. (1999) examined ﬁve types of nontron-
ites and Fe-rich smectites and found that the position and the
intensity of this band vary depending on tetrahedral Fe(III)
content. Also, the speciation of clays, in particular that of
montmorillonite, has implications for the cloud and ice nu-
cleation properties of mineral dust and the estimate of iron
fractional solubility (Hoose et al., 2008; Journet et al., 2008).
Ultimately, these facts depend on the compositional hetero-
geneity in Al-rich smectite in the natural soils and sediments
(Christidis and Dunham 1993; Christidis, 2006), due to vari-
ous processes, including weathering and/or hydrothermal al-
teration of basic rocks (Köster et al., 1999) but also due to
reduction reactions of structural Fe by microorganisms (Pen-
trakova et al., 2013). This makes the quantiﬁcation extremely
dependent on the environmental conditions. Similar consid-
erations will hold for chlorite-type clays, which were not de-
tected in our samples but which might be present in dust from
northern African deserts, such as in Morocco and Tunisia
(Paquet et al., 1984; Kandler et al., 2009). It should be noted
that, to date, no measurements of the complex refractive in-
dex of chlorites are available in the shortwave. In the long
wave, chlorite has signiﬁcantly different optical properties
than illite and kaolinite, in particular concerning their major
absorption bands, which are located at 9.6µm for illite and
kaolinite and at 10.2µm for chlorite (Egan and Hilgeman,
1979; Mooney and Knacke, 1985). Should chlorite be de-
tected in the samples, its lack of quantiﬁcation will be treated
as an additional source of error to be evaluated.
Regarding the iron fractional solubility, our data are not
conclusive in identifying a clear regional difference with re-
spect to the variability observed for dust collected over the
Atlantic Ocean after short- and long-range transport. This
limited regional variability suggests that a single reference
value (0.1%) of the fractional solubility SFe of Saharan and
Sahelian dust before atmospheric transport could be used in
biogeochemical models. Direct ﬁeld measurements of SFe
close to emission sources, unavailable at the moment, are
needed to conﬁrm this ﬁnding. Finally, the SFe value esti-
mated for dust near source regions is in the lowest range,
lower than values obtained for dust collected over the At-
lantic Ocean, pointing to the need to take atmospheric pro-
cessing into account when iron solubility is to be described
on a global scale.
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